A human cytomegalovirus mutant that was isolated for resistance (10-fold) to the antisense oligonucleotide fomivirsen (ISIS 2922) exhibited cross-resistance to a modified derivative of fomivirsen with an identical base sequence but little or no resistance to an oligonucleotide with an unrelated sequence. No changes in the mutant's DNA corresponding to the fomivirsen target sequence were found.
Oligonucleotides, including those that target viral mRNAs via antisense mechanisms, form an approach to antiviral therapy that is proceeding from the laboratory bench to the bedside. One such oligonucleotide, fomivirsen (ISIS 2922), is presently in phase III clinical trials for human cytomegalovirus (CMV) retinitis. Fomivirsen (Table 1) is a 21-base oligonucleotide with phosphorothioate linkages that is complementary to human CMV immediate-early 2 (IE2) mRNA. This compound exhibited more potent anti-CMV activity in cell culture than did a variety of other phosphorothioate oligonucleotides screened. It inhibited IE gene expression in CMV-infected cells and in cells transfected with IE genes, in agreement with an antisense mechanism (1, 2) . However, studies of effects on virus adsorption and structure-activity relationships with phosphorothioate oligonucleotides with various sequences indicated that nonantisense mechanisms may contribute to antiviral activity.
Studies of drug-resistant viruses have provided insights into the mechanisms of action of antiviral drugs, into the potential for drug resistance in the clinic, into structure-function relationships of drug targets, and into mechanisms of basic viral processes ranging from uncoating through gene expression to pathogenesis (11) . In terms of mechanisms of action, the isolation of virus mutants resistant to a drug strongly implies that the drug acts at least in part via a virus-specific process rather than by rendering the host cell incapable of supporting virus replication. Thus, the isolation of a drug-resistant mutant is perhaps the best evidence that an antiviral drug is truly selective (5, 7) .
Isolation of CMV resistant to fomivirsen. To begin investigations of these issues with antiviral phosphorothioate oligonucleotides, we passaged CMV in increasing concentrations of fomivirsen (Fig. 1) . The stock of CMV used was derived from a single plaque of wild-type laboratory strain AD169. Briefly, at each passage, human foreskin fibroblast cells were pretreated overnight with each concentration of drug in serumfree fibroblast growth medium (FGM; Clonetics Corp., Palo Alto, Calif.). After pretreatment, the cells were rinsed with FGM and infected at a multiplicity of infection of 0.01 with virus diluted in FGM. Virus was allowed to adsorb for 1 h at 37°C. Then, the infected cells were overlaid with fresh medium containing the concentration of drug used to pretreat the cells. Virus replication was allowed to continue at the same drug concentration until complete cytopathic effect (4ϩ) was achieved. At the indicated passages ( Fig. 1) , infected cells were trypsinized and replated to permit efficient spread of the infection. Evidence for a resistant virus subpopulation was obtained following passage at a concentration of 16 M fomivirsen (8) . Following passage at a concentration of 32 M, virus was purified by limiting dilution, once in the presence of 32 M fomivirsen and twice in the absence of the drug. The resulting purified virus was designated 2922 r A-32-1. This mutant formed plaques similar in size to those of AD169 and replicated to titers similar to those of AD169 during preparation of virus stocks.
We compared 2922 r A-32-1 with parental strain AD169 for susceptibility to fomivirsen by a plaque reduction assay ( Fig.  2A ) performed as previously described (13), except that cells were pretreated with the indicated concentrations of drug overnight in serum-free FGM and then rinsed with medium. Following adsorption, the cells were overlaid with FGM containing 0.1% fetal bovine serum, 1% methylcellulose, and the indicated concentrations of drug. For AD169, the dose that reduced plaque formation by 50% (ED 50 ) was 70 nM, in agreement with previous results (2) . For 2922 r A-32-1, the ED 50 was 700 nM, which was 10-fold higher than that for AD169. By a two-sample (two-tailed) t test applied to the data plotted in Fig. 2A and those from an additional assay, the ED 50 for the mutant was significantly different from that for AD169 (P Ͻ 0.02). The ED 50 for the mutant was similar to the ED 50 observed for the entire virus population following passage at 32 M (10). Thus, 2922 r A-32-1 was resistant to fomivirsen. Sequence-dependent resistance. There is considerable evidence that phosphorothioate oligonucleotides can inhibit viral replication by both sequence-dependent and sequence-independent mechanisms (14) . Therefore, we asked whether 2922 r A-32-1 had developed resistance to sequence-dependent or sequence-independent inhibition of CMV replication. To investigate this question, we compared the mutant and AD169 for susceptibilities to a phosphorothioate oligonucleotide with a sequence unrelated to that of fomivirsen and to one with a highly related sequence. For an oligonucleotide of unrelated sequence, we tested ISIS 3383 (Table 1) , which is not complementary to any CMV sequence and, like many other oligonucleotides, is less potent against CMV than fomivirsen (although ISIS 3383 is similar in potency to ganciclovir) (1, 2) . For an oligonucleotide with a sequence related to that of fomivirsen, we tested ISIS 13312, which has a base sequence identical to that of fomivirsen but which contains modifications at the 2Ј position at 12 of the 21 residues and 5-methyl substituents on each C residue ( Table 1) .
As shown in Fig. 2B , the ED 50 in plaque reduction assays of the non-sequence-specific compound ISIS 3383 for AD169 was 0.8 M, which was more than 10 times higher than the ED 50 of fomivirsen, similar to previously published values (2) . Mutant 2922 r A-32-1 exhibited, at most, marginal resistance to ISIS 3383. Its ED 50 was Ͻ2-fold greater than that for AD169; the mutant and AD169 also exhibited Ͻ2-fold differences in plating efficiency at any drug concentration. Moreover, although at certain drug concentrations the error bars for the wild type and mutant did not overlap (Fig. 2B) , by a two-sample t test, the ED 50 for the mutant was not significantly different from that for AD169 (P Ͼ 0.05). Thus, by our previously published criteria (3, 6), the mutant was not resistant to this non-sequencespecific oligonucleotide.
ISIS 13312 was more potent against wild-type CMV strain AD169 (ED 50 ϭ 0.15 M) than was ISIS 3383 (compare Fig.  2B and C), in agreement with its acting in a sequence-dependent manner, although it was not as potent as fomivirsen (compare Fig. 2A and C) . In contrast to its sensitivity to ISIS 3383, mutant 2922 r A-32-1 exhibited resistance to ISIS 13312, and the ED 50 for it was 0.7 M, which was four-to fivefold higher than that for AD169 (Fig. 2C) . By a two-sample t test, the ED 50 for the mutant was significantly higher than that for AD169 (P Ͻ 0.002). Thus, resistance of the mutant was sequence dependent.
The mutant is not altered in the region complementary to fomivirsen. Assuming an antisense mechanism for fomivirsen and ISIS 13312, one way in which a mutant could become Fomivirsen  -GCGTTTGCTCTTCTTCTTGCG-IE2 mRNA  ISIS 13312  -GCGTTTGCTCTTCTTCTTGCG-IE2 mRNA  ISIS 3383 -TGGGCACGTGCCTGACACGGCNot complementary to any HCMV sequence a The base sequences of the phosphorothioate oligonucleotides used in this study, synthesized as previously described (1, 2) , are shown. Residues in ISIS 13312 that contain 2Ј-O-methoxyethyl substituents are underlined; C residues, which contain 5-methyl substituents, are indicated by boldface italics.
resistant to these drugs would be by base changes that alter the complementarity of IE mRNA for the oligonucleotides. Therefore, we PCR amplified this region of the CMV genome from the three-times plaque-purified mutant 2922 r A-32-1 using primers corresponding to nucleotides 170004 to 170024 and 170305 to 170285 of the AD169 sequence (GenBank accession no. X17403; the fomivirsen target sequence corresponds to nucleotides 170120 to 170140). Virion DNA was isolated as described elsewhere (12) , and PCR was performed by using the conditions described elsewhere with 3.5 mM MgCl 2 added (4). The relevant PCR product was purified with the Advantage PCR-pure kit (Clontech) and sequenced with the primers employed for PCR by the Biopolymers Facility of the Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, with an ABI sequencer. No differences from AD169 in the region sequenced were observed. Thus, resistance of the mutant was not due to loss of encoded complementarity with the oligonucleotide.
Potential implications. To our knowledge, there have been no published reports describing viral mutants resistant to an oligonucleotide-based drug. We are aware of studies of human immunodeficiency virus mutants resistant to certain oligonucleotides; however, such mutants have not exhibited sequencedependent resistance (9) . Our ability to isolate a mutant resistant to fomivirsen implies that this compound acts at least in part via a virus-specific process (i.e., selectively against CMV), in agreement with previous studies of its mechanism (1, 2). The mutant's cross-resistance to ISIS 13312 implies that this derivative of fomivirsen is also a selective anti-CMV compound. The isolation of this mutant in cell culture raises the possibility that resistant mutants could arise during administration of fomivirsen or its derivatives to patients. However, we do not know if the degree of resistance that we observed would be clinically significant. Nor do we know whether such mutants would retain sufficient pathogenicity to cause CMV disease.
We can envision two kinds of mutations that would confer the sequence-dependent resistance of 2922 r A-32-1. The first assumes an antisense mechanism of action of fomivirsen. In this case, even though we did not detect any alteration in the region of the mutant genome that is complementary to the oligonucleotide, resistance could be conferred by various mechanisms, including mutations that increased the expression of IE mRNA or the function of IE proteins. The second kind of mutation assumes a novel target for fomivirsen other than IE mRNA. In this case, the mutation could be one that alters this still-unknown target. Although it is time-consuming, mapping the resistance mutation(s) in 2922 r A-32-1 should distinguish between these two mechanisms of resistance and shed light on the mechanism of action of fomivirsen.
